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(57) ABSTRACT

A precision Hlowmeter 1s adapted to measure at least one of
mass tlow rate and flow velocity of a fluid, at steady or
transient state, in a bi-directional low-velocity flow system.
The flowmeter includes pressure taps and static pressure
taps, passing from the interior of a tubular main body and
through a wall of the tubular main body, and a plurality of
impact tubes located circumferentially spaced-apart and
extending axially parallel through a conical wall of the
tubular main body toward a center of the cylindrical throat
portion. The pressure taps correspond 1n number to the
plurality of impact tubes and communicate with 1nner ends
of the corresponding plurality of impact tubes, and static
pressure taps pass through walls of the upstream and down-
stream tubular channel sections and through the tubular
throat portion. A method for measuring at least one of flow
rate and flow velocity of a fluid 1s also disclosed.

5,063,787 A * 11/1991 Khuza1 et al. ........... 73/861.64
5,365,795 A 11/1994 Brower, Jr. 17 Claims, 5 Drawing Sheets
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Calibration curves (pressure drop vs. flow rate)
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METHOD AND DEVICE FOR BI-
DIRECTIONAL LOW-VELOCITY FLOW
MEASUREMENT

FIELD OF THE INVENTION

This invention relates generally to the measurements of
fluids flowing through conduits or pipes; and, in particular,
to a pressure differential method for the determination of
flow rate, fluid velocity and direction in bi-directional low-
velocity flow system; and further, to a novel flowmeter in
accordance with the said method suitable for the measure-
ment of steady and transient flow, and, especially, applicable
to fluid at high-temperature high-pressure conditions.

BACKGROUND OF THE INVENTION

The flow measurement 1s accomplished by a variety of
means, depending upon quantities, flow rates, and types of
fluids 1nvolved. Many industrial process flow measurements
consist of a combination of two devices: a primary device
placed 1n intimate contact with the fluid and generates a
signal, and a secondary device to translate this signal into a
motion or a secondary signal for indicating, recording,
controlling, or totalizing the conditions of the flow. Other
devices indicate or totalize the flow directly through the
interaction of the flowing fluid and the measuring device
placed directly or indirectly 1n contact with the fluid stream.
A number of flow measurement methods are available;
presently, commercialized metering devices can be classi-
fied by their operating principles into the following catego-
ries: (1) pressure-differential flowmeters; (2) variable-area
flowmeters, (3) magnetic flowmeters, (4) turbine
flowmeters, (5) oscillatory flowmeters, (6) thermal-loss
flowmeters, (7) vortex flowmeters, (8) fluidic-oscillator
f
i

owmeters, (9) momentum mass flowmeters, (10) ultrasonic
owwmeters, (11) positive-displacement flowmeters, (12)
open-channel flowmeters, (13) laser Doppler velocimeters,
and (14) nuclear magnetic resonance flowmeters, and still
some others. Such a wide diversity in flowmeter design
results on the one hand from multifarious and specific use
conditions, and, on the other hand, from tireless progress of
science and technology which never a moment stops bring-
ing out wonderful instruments. Nevertheless, to our
knowledge, a metering device capable of measuring pre-
cisely flow rate and fluid velocity of bi-directional low-
velocity flow does not as yet exit.

Conventionally, the commercialized flowmeters are so
designed as to suit a flow system driven by pumps. As a
consequence, they are not applicable to bi-directional flow
systems. Moreover, when a metering device 1s of the same
diameter as the pipeline system being measured, such as the
case of turbine or drag disk type flowmeter, 1ts minimum
flow range 1s usually too high to give reliable measurement
for low-velocity tlow or for natural circulation. The driving
force 1n low-velocity flow system mainly comes from the
delicate balance between a very weak gravitational force and
the buoyant force of the fluid itself, owing respectively to
parts of the flow system assembly positioned at unequal
heights, and to density gradient within the flowing stream. In
such flow system, 1t 1s to be expected that, backward flow
may occur when the flow 1s at transient state. Accordingly,
it 1s the principal objective of this disclosure to overcome the
atoresaid problems by providing a novel method and a novel
device suitable for precision measurement of bi-directional
low-velocity flow. To be the tlow at steady or transient state,
the accurate data of flow rate, fluid velocity, and direction
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can be obtained by the extremely sensitive pressure ditfer-
ential metering device of the imvention, even if the fluid 1s
at a high-temperature high-pressure condition.

For safety, economy, reliability and other factors, the
low-velocity flow precision measurement technique has
found many applications in industry, such as the on-line
inputs proportion control in chemical continuous processes;

such as the cyclic transport and storage of low-velocity fluid
within the black pipeline system of a solar energy absorption
plate; such as corrosive or toxic liquid wastes disposal, or
industrial wastewater disposal, that makes use of a non-
power transport system, siphon for instance, such as oil-well
drilling and subterrancan heat extraction industry where
measurement of extracted fluids, mncluding fluid mixtures of
different liquid phases (e.g. water/oil) or all kinds of gas-
liquid mixtures (e.g. natural gas/hydrocarbons), is massively
important; such as natural circulation heat transfer system;
and such as the cooling system of an advanced passive
nuclear reactor, etc. As to natural circulation of high-
temperature high-pressure heat transfer system, the driving
force 1s, as a rule, by far weaker than the forced circulation
of a pumping system; thereupon, when the flowing fluid 1s
at transient state, backward flow sometimes occurs. In
commercial flow measurement, this backward flow phenom-
enon 15 wholly neglected, besides its mability to adequately
deal with low-velocity natural circulation. One point worthy
of note 1s that the natural circulation 1s highly susceptible to
flow resistance, therefore 1t 1s not advisable to reduce the
size of conduit or transport pipeline 1n accommodation to the
installation of a certain commercialized flowmeter of desir-
able flow range, for that will disturb flow conditions and
sometimes even altogether stop the circulation flow.

Among many flow measurement devices as mentioned
before, pressure-differential flowmeters embody the oldest
method of measuring flowing fluids, and are still most
widely 1n use. In this type of flowmeters, the flow rate 1s
determined from pressure drop (or pressure difference)
across a constriction (or restriction) in flow path. They
operate on the principle of energy conversion between static
pressure and velocity. The velocity increase resulted from a
constriction in a pipe will have associated with 1t a decrease
in static pressure. Thus, flow rate can be determined from a
measurement of the pressure drop due to constriction. With
static pressure-drop data, the fluild mass density and the
sectional flow area at the constriction, a theoretical flow rate
can be calculated according to Bernoulli’s equation.
However, the deviation from this theoretical value 1s not
only possible but prevalent 1n practice, and this 1s usually
attributed to viscosity change in the fluid passing through
constriction, and to the geometry of flowmeter.
Traditionally, such deviation 1s put into consideration in the
flow equation by imtroducing a discharge coetficient which

can only be determined by empirical means. More will be
said on this later.

The common examples of pressure-differential flowme-
ters are orifice meter, flow nozzle, and Ventur1i meter. Orifice
meter 1s a thin plate inserted between pipe flanges, usually
having a round, concentric hole with a sharp, square
upstream edge. Orifice presents large flow resistance in
comparison with the other two devices. In addition, orifice
may cause tangible stream turbulence, for, as the streamlines
of flow field approaching a sharp-edged orifice they con-
verge on the orifice from all directions, and so as soon as
passing through the orifice they continue to converge for a
short distance downstream depending on flow rate and fluid
viscosity, forming as 1t were a ‘free jet’, which contracts to
a section somewhat smaller 1n diameter than the orifice, after
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which the jet increases 1n size to fill the pipe. This contracted
section of flow field, where the minimum cross-sectional
arca of said free jet 1s, 1s known as vena contracta, which 1s
of supreme 1mportance in the calculation of flow equation
and also 1n the placing of pressure taps. As to flow nozzle,
it consists of a bell-shaped approach section of elliptical
proflle attached to a cylindrical throat tangent to ellipse.
Originally, the flow nozzle was designed to reduce pressure
loss of fluild flowing through a traditional orifice plate;
nowadays 1t 1s often used where solids are entrained 1n the
flowing liquid, where the stream 1s a high-temperature
high-pressure flow, and where fluid velocity 1s high. Only
Venturl meter 1s suitable for low-velocity flow measurement
in deed. More than a convergent inlet channel similar to a
flow nozzle, Venturi metler has also a divergent outlet
channel to reduce turbulent losses, and therefore gives the
best measurement accuracy among the known pressure-
differential flowmeters.

There 1s yet again a device of pressure-ditferential type
needs to be briefly mentioned for its being involved 1 the
present invention as will soon be made clear. This 1s called
pitot tube, which 1s designed to measure the difference
between the total impact pressure and the static pressure of
a flow system. Pitot tube has a central tube pointing
upstream along the direction of pipe axis to receive impact
pressure; and the central tube 1s encased along 1ts wall by an
outer tube on whose wall there are pressure holes to measure
static pressure. The difference 1n these pressures, which 1s
called dynamic pressure !differential, can be converted into
an 1ndication of the local fluid velocity at the tip of pitot
tube. Usually several readings are taken across a pipe at a
few locations and the average fluid velocity 1s determined.
This device 1s an effective tool for laboratory use or for spot
checks; only that its tendency to plug when the flowing
stream contains small solid particles, 1ts very limited veloc-
ity range, and its susceptibility to disturbed flow of varied
velocity distribution limit its use 1n ndustry.

The present invention combines the advantages of both
Ventur1 meter and pitot tube to make a flowmeter capable of
precision measurement 1n bi-directional low-velocity flow
system. An earlier patent disclosure similar to the mnvention
was presented by Brower, Willilam B., Jr., in U.S. patent
application Ser. No. 5,365,795 (1994). For comparison as
well as for better illustration of the present mvention, some
explanations and some critical comments are given to this
prior example as the follows. FIG. 1 1s a graphical repre-
sentation of a flowmeter design disclosed by Brower. This 1s
a typical Venturi flowmeter, comprising a convergent inlet
conical channel 60, a cylindrical throat channel 62, and a
divergent outlet conical channel 64, wherein the outlet angle
0 1s smaller than the inlet angle ¢, so arranged as to reduce
flow resistance. The total impact pressure P, and fluid mass
density p can be derived respectively from fluid velocity and
fluid temperature, which are, in this layout, measured by a
pitot tube 66 and a temperature probe 68, both devices being,
inserted into the flow field just a short distance upstream
from the convergent inlet conical channel 60. The static
pressure P 1s measured by a set of pressure tubes 70 tapped
along the central cross section of the cylindrical throat
channel 62. With these data one can calculate volumetric
flow rate, which is a function of [(P,-P,) /p]”>. The
limitations of this design include; (1) the pitot tube and
temperature probe assembly 1s such an obstruction 1n the
channel that 1t may cause intolerable flow field turbulence;
(2) 1t can not deal with bi-directional flow; (3) the fluid
density data 1s derived from fluid temperature only, which 1s
inappropriate when phase change such as boiling phenom-
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enon occurs; (4) the fluid density distribution may turn
inhomogeneous when the device is horizontally installed;
and (5) it can not derive fluid density from available
pressure-drop data. As will be seen in the following, the
present disclosure 1s an 1mprovement upon this prior art.

SUMMARY OF THE INVENTION

It 1s the principal objective of this invention to overcome
those deficiencies found 1n commercial flow measurement as
described 1n the foregoing, by providing a novel method of
flow measurement and a flowmeter for the determination of
flow rate, fluid velocity and direction, 1n natural circulation
and 1n bi-directional low-velocity flow system, said method
and said flowmeter being applicable to steady as well as
transient flow, and also to flow at high-temperature high-
pressure conditions. The primary device of the flowmeter
hereupon disclosed comprises an upstream cylindrical
channel, a throat section, and a downstream cylindrical
channel. The throat section, similar to la Ventur1 meter, has
three distinct features, namely: a convergent inlet conical
channel, a cylindrical middle-channel, and a divergent outlet
conical channel. Four sets of static pressure differential data
are used to determine How rate and fluid direction; while
fluid velocity 1s derived from the dynamic pressure ditfer-
ential data measured by a few pairs of impact tubes, similar
to pitot tubes, which are inserted within the wall of throat
section, the tip of each impact tube protruding a little
distance outside the interior surface of either conical channel
pointing along the direction of pipe axis. In order to ensure
signal stability, and to relieve the work of calibration, each
pressure output signal 1s an average value derived from a
few pairs of pressure taps diametrically positioned around
the outer wall of said primary device. As this novel metering
device 1s a pressure-differential flowmeter, 1ts accuracy of
measurement 1s evaluated to be 1.5% within 1its flow range.
This flowmeter presents low flow resistance and low flow
field disturbance; 1t 1s neither restricted by the magnitude of
flow rate nor by fluid direction, thereby overcomes the
difficulties often encountered in low-velocity flow measure-
ment of large pipeline system, or 1n cases where backward
flow occurs.

According to this disclosure, the tlow rate, fluid velocity
and direction are obtained with the following procedures.
First, static pressure-drop data are measured by several sets
of pressure taps along the wall of the primary device 10.
Secondly, dynamic pressure-drop data are measured by
impact tubes. Thirdly, all the pressure-drop data are aver-
aged and transformed into flow information by a data
acquisifion system of a microprocessor with build-in cali-
bration curves and capable of on-line fluid density correc-
tion. One special feature of this invention 1s that 1t does not
make use of the empirical fluid discharge coefficient 1n the
calculation of flow rate. The value of discharge coeflicient is
influenced by many factors which fall into two general
categories: (1) dynamic factors involving the properties of
the flow, such as viscosity, fluid mass density, etc; and (2)
geometric factors involving the geometry of meter installa-
tion and the constructional features of the pipeline, such as
the ratio of throat diameter to pipe diameter, the convergent
and divergent angles of the conical channels as in the case
of a Venturi meter, roughness of interior surface of the
pipeline system as well as of the metering device, the size of
the pipe, and the locations of pressure taps etc. With the help
of a micro-processor stored with calibration data and
capable of on-line fluid density correction, the present
invention obviates many complicating and some still uncer-
tain experimental procedures needed to determine the value
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of fluid discharge coeflicient, thereby proves more efficient
than other pressure-differential flowmeters.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing features and advantages of the invention
will be more apparent from the following description with
reference to the accompanying drawings, wherein:

FIG. 1 1s a graphical representation of a conventional
Ventur: Howmeter;

FIG. 2 1s a sectional view of an embodiment of the present
invention for the measurement of flow rate and fluid
velocity, as well as for the determination of flow direction;

FIGS. 3A, 3B, 3C are respectively longitudinal sectional
views taken at locations A, B and C 1n FIG. 2;

FIGS. 4A and 4B are respectively calibration curves of
forward and backward water flows found 1n an experiment
discussed 1n the following description; and

FIG. 5 1s a flow diagram 1illustrating the signal processing,
procedures for the determination of flow rate, fluid velocity
and direction, run 1n the data acquisition system of this
invention.

DETAILED DESCRIPTION OF INVENTION

FIG. 2 1s a sectional view of a preferred embodiment of
the 1nvention capable of measuring flow rate and fluid
velocity for steady as well as transient flow, especially useful
in bi-directional low-velocity flow system. Referring to the
numerals in the drawing, this flowmeter has on each of its
two ends a flange or other kind of joint 11, whose function
1s to connect the primary device 10 to the pipeline system
(not illustrated) for measurement. Along the flow direction
f, from left to right, there 1s a cylindrical inlet channel 12
with diameter D1, which 1s same as the diameter of the
pipeline system; then, there 1s a throat section 13, similar to
a Venturl meter; and then a cylindrical outlet channel 14,
which 1s much shorter than cylindrical inlet channel 12, but
it 1s preferable to have its diameter D3 equal to D1. The
throat section 13 has three distinct features, namely: a
convergent inlet conical channel 134, a cylindrical middle
channel 13b, and a divergent outlet conical channel 13c. The
diameter of cylindrical middle channel 135 1s D2, and 1is
smaller than D1 and D3, depending on the upstream cone
angle o and the downstream cone angle [ of individual
design or special demand. The interior surface of the throat
section 13 1s made smooth to prevent tlow field disturbance.

How the impact tubes, P and P,, are introduced into the
throat section 13 1s explained i the following. On the
interior surface of the divergent outlet conical channel 13c,
four narrow, straight, round, deep holes are so made that
they are close to the interior surface of cylindrical middle
channel 13b, that they are parallel to each other along the
direction of pipe axis, that they represent a 4-fold rotational
symmetry with respect to pipe axis and that they reach and
stop at the central cross-sectional plane of cylindrical middle
channel 13b, 1.e. the plane with center () on 1t, as shown 1n
FIG. 2 and FIG. 3A. Four impact tubes P_ are fitted into
these deep holes, with their tips protruding a little distance
outside the interior surface of divergent outlet channel 13c.
At location A, on the outer wall of cylindrical middle
channel 135 a little distance upstream from central cross-
sectional plane x-0-x, four narrow, straight, round, deep
holes are so made that they all point to pipe axis, that they
represent a 4-fold rotational symmetry with respect to pipe
ax1s, and that each reaches and connects to one 1mpact tube
P_ at central cross-sectional plane within the wall. Four
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pressure taps at A are thus ready to receive the impact
pressure of a backward flow.

The same task as described 1n the previous paragraph 1s
repeated once again on the other side of the coin, so to speak.
Indeed, on the interior surface of the convergent inlet conical
channel 134 there are four impact tubes P, exactly like their
counterparts P_, except airadial angle shift 6, as shown 1
FIG. 3B. Four pressure taps, located at B, a little distance
downstream from central cross-sectional plane, are likewise
made as A, connecting to P, to measure the impact pressure
of a forward tlow.

Moreover, there are four pressure taps at C so prepared
that they are narrow, straight, round, deep holes that each of
them has 1ts axis on the central cross-sectional plane point-
ing to center 0, that they represent a 4-fold rotational
symmetry with respect to center (0, and that, most
importantly, there 1s a radial angle shift 0, between the
pressure taps at C and the projection of the pressure taps at
A on the central cross-sectional plane, as shown 1n FIG. 3C.
The C pressure taps reveal the static pressure within the
constriction, which 1s referred to by other pressure taps
upstream and downstream so as to obtain pressure-drop
data.

Those three sets of pressure taps aforesaid (A, B, C) are
located along the wall of cylindrical middle channel 13b, as
shown 1n FIG. 2. As to E, F, and G, on the walls of upstream
and downstream cylindrical channels, here are also three sets
of pressure taps made likewise as C, for static pressure
measurement. In the present embodiment, at upstream side
four pressure taps E are located near the flange 11, and four
pressure taps F are near the entrance of convergent inlet
conical channel 134; and there are four more, G, located near
at the exit of divergent outlet conical channel 13c. Whether
or not these three sets of pressure taps (E, F, G) are so
orientated that there 1s radial angle shift between one and
another, like the case of A, B, C, 1s anybody’s guess.

The four members of each set of pressure taps (A, B, C,
E, F or G) are round the wall of the primary device 10 linked
together by a loop tube or a circumfterential grooved loop 135,
so that each pressure output signal is the average value of
four measurements. This arrangement can ensure signal
stability and ease the work of calibration.

The fluid velocities of backward and forward flows are
measured by impact tubes P_ and P,. In order to reduce flow
field disturbance as much as possible, and to make sure that
cach 1impact tube, upstream P,, as well as downstream P_, 1s
independent of any another 1n its function, the tip of each
impact tube 1s so designed that 1t protrudes a little distance
outside the interior surface of either convergent inlet 13a or
divergent outlet conical channel 13c.

As mentioned before, the static pressure measured at C 1s
taken as a point of reference. The static pressure drop
between F and C (denoted by DP-1) and that between G and
C (denoted by DP-4) are used to determine flow rate; while
the dynamic pressure drop between A and C (denoted by
DP-2) and that between B and C (denoted by DP-3) are used
to determine fluid velocity. The fluid mass density can be
inferred from the pressure drop between E and F (denoted by
DP-0)) if the said flowmeter is not horizontal apply.

Any conventional pressure-drop measurement device,
such as manometer or various pressure sensors, can be used;
and the pressure-drop data are transformed into electric
output signals by flow transmitters or transducers.

Additionally, in order to measure fluid temperature, a
temperature probe (not illustrated) can be placed somewhere
inside the pipeline system. For instance, the temperature
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probe may be placed at such a location that 1t 1s a liftle
distance upstream from the inlet of the primary device 10, or
a little downstream from the outlet of the same.

In the present embodiment, referring to FIG. 2, the six
pressure signal output locations (A, B, C, E, F and G) are
lined up straight along the direction of pipe axis; however,
it 1s understood that each pressure signal output hole may be
placed anywhere along the loop tube or circumfierential
cgrooved loop 15. Moreover, 1n the primary device, center ()
1s not only the center of cylindrical middle channel but also
1s the center of the throat section 13; and inlet cone angle o
1s same as outlet cone angle p. It 1s possible, however, to
have a not equal to p. Likewise, 1in this embodiment, the
distance between A and C i1s same as that between B and C,
and the distance between F and C 1s same as that between G
and C; but any person skilled in the art can readily see that
it 1s possible to have these distances different.

Although FIG. 2 presents the flowmeter 1n a horizontal
position, 1t 1s, 1n fact, preferred to install the device
vertically, for better radial homogeneity of fluid density, and
therefore more accurate static pressure data. When the
flowmeter 1s vertically applied, 1t 1s preferred to have the
upper pressure taps E located directly above the lower ones
F. It 1s possible, of course, to use the flowmeter 1n a tilted
position, if needed.

Furthermore, in this embodiment, the pressure-transmit
medium need not be the same as the fluid being measured.
And, 1t 1s understood that, more than the usual calibration
condition (i.e. at normal temperature and pressure), the
present invention 1s applicable to fluid at high-temperature
high-pressure condition. And, 1n order to be able to measure
forward and blackward tflows at once, the present embodi-
ment has two kinds of impact tubes, one (P,) pointing
upstream and the other (P,) pointing downstream. However,
if 1t 1s known beforehand that the flowmeter 1s to be applied
only to one-directional flow pipeline system, one can do
without both the downstream impact tubes P, and their
accompanying pressure taps A and G in the making of
flowmeter.

As a summary, the method to determine flow rate, fluid
velocity, flow direction, and fluid density by the flowmeter
above described 1s as follows. The static pressure at center
0, indicated by C, 1s taken to be a common reference point.
At location A, the output signal of pressure drop between A
and C 1s read out, which 1s denoted by DP-2. At location B,
pressure drop between B and C 1s read out and this 1s DP-3.
The fluid velocity within the primary device 1s derived from
these dynamic pressure differential data with the help of a
microprocessor, and indicator (not illustrated). The said
microprocessor contains a data acquisition system with
build-in calibration data and capable of on-line fluid density
correction, and handles all the pressure differential data.
Now, at location F, the output signal of pressute drop
between F and C 1s read out, which 1s denoted by DP-1. At
location G, pressure drop between G and C 1s read out and
this 1s DP-4. The flow rate 1s derived from these two static
pressure differential data. Then, the output signal of pressure
drop between E and F 1s read out, which 1s denoted by DP-0,
and 1s used to determine fluid mass density. As to flow
direction, this can be decided by weighing the pressure drop

between F and C with respect to the pressure drop between
G and C.

How the calibration curves of forward and backward
flows are obtained i1s here described by the way of an
empincal example. A flowmeter as shown in FIG. 2 1is
vertically installed to measure the flow rates of water under
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normal temperature and normal pressure. In the throat
section 13 of the flowmeter, the convergent inlet conical
channel 134 1s same as the divergent outlet conical channel
13¢, with a=p=30°;, upstream and downstream cylindrical
channels, 12 and 14, are of the same diameter, namely,
D1=D3=52.5 mm. Each of the pressure-drop data (DP-1,
DP-2, DP-3 and DP-4) is calibrated with a water-column
manometer ranged from O to 8 inch, and 1s read out as a
linear output from a pressure differential transmitter with an
output range from 1 to 5 volts. Calibration curves of forward
(i.e. downward) and backward (1.e. upward) flows are shown
i FIGS. 4A and 4B. In FIG. 4A, 1t 1s shown that, when the

forward flow 1s at flow rate 3.02 gpm (gallons per minute),
DP-1 1s 1.57 volt, DP-2 1s 1.08 volt, DP-3 1s 1.50 volt, and

DP-4 1s 1.14 volt; as the tlow increases to 6 gpm, DP-1 1s
3.14 volt, DP-2 1s 1.44 volt, DP-3 1s 2.90 volt, and DP-4 1s

1.88 volt. In contrast, referring to FIG. 4B, when the

backward flow 1s at flow rate 3.15 gpm, DP-1 1s 1.12 volt,
DP-2 1s 1.52 volt, DP-3 1s 1.05 volt, DP-4 1s 1.58 volt; and

at 5.97 gpm, DP-1 1s 1.93 volt, DP-2 1s 2.96 volt, DP-3 1s
1.49 volt, and DP-4 1s 3.17 volt. Many data points were
collected, and the calibration curves were drawn.

FIG. 5 1s a flow diagram 1llustrating the signal processing,
procedures for the determination of flow rate, fluid velocity
and direction, run 1n the data acquisition system of the
invention. This signal analysis includes the following steps:
one, flowmeter calibrations for forward and backward flows,
two, fluid density correction, which 1s derived from the
pressure-drop between E and F (DP-0) along upstream
cylindrical channel 12, or from fluid temperature; three, flow
direction, which 1s determmed by comparing the pressure
drop from F to C (DP-1) and that from G to C (DP-4); four,
flow rate, which can be determined from either DP-1 or
DP-4; five, fluid velocity, which can be determined either by
measuring the pressure drop from A to C (DP-2) for back-
ward tlow, or by measuring the pressure drop from B to C
(DP-3) for forward flow. If flow direction is f, that is
downward from E to G, then, at constant flow rate, DP-1 will
be much greater than DP-4, and DP-3 much greater than
DP-2; therefore, the fluid velocity v 1s calculated from the
higher pressure-drop data DP, 1.e. DP-3, by the following
equation:

v=(2DP/p)*",

in which p 1s the fluid density corrected either by DP-0, or
the fluid density after temperature correction. Thus, by
referring back to the calibration curves flow rate, the fluid
velocity and direction are made certain.

As the flowmeter detailed 1n the foregoing belongs to low
flow resistance type, its validity range 1s not limited to
low-velocity tlow. If it 1s to be applied to other flow ranges,
one needs to adjust the validity ranges of pressure sensors
and transmitters, and prepare a set of calibration curves for
the new situation.

While the described embodiment represents one of the
preferred forms of the present invention, 1t 1s to be under-
stood that modifications will occur to those skilled in the art
without departing from the spirit of this invention. The scope
of the 1invention 1s therefore to be determined solely by the
following claims.

What 1s claimed 1s:

1. A precision tlowmeter adapted to measure at least one
of mass flow rate and flow velocity of a fluid, at steady or
fransient state, in a bi-directional low-velocity flow system,
the flowmeter comprising:

a tubular main body adapted to be connected with a
pipeline of the flow system, an interior of the tubular
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main body including, 1n order from an upstream end to
a downstream end, an upstream tubular channel
section, a throat channel section, and a downstream
tubular channel section, the throat channel section
including an upstream conical channel section having
an end adjoining the upstream tubular channel section,
a cylindrical throat portion formed at a middle of the
throat channel section and having an end adjoining the
upstream conical channel section, and a downstream
conical channel section having an end adjoining the
throat portion and another end adjoining the down-

stream tubular channel section;

a plurality of pressure taps, the plurality of pressure taps
including dynamic pressure taps and static pressure
taps, passing from the interior of the tubular main body
and through a wall of the tubular main body; and

a plurality of impact tubes located circumferentially
spaced-apart on the upstream conical channel section
and extending axially parallel through a conical wall of
the tubular main body toward a center of the cylindrical
throat portion,

wherein dynamic pressure taps correspond in number to
the plurality of impact tubes and communicate with
inner ends of the corresponding plurality of 1impact
tubes, and static pressure taps pass through walls of the
upstream and downstream tubular channel sections and
through the tubular throat portion.

2. The flowmeter according to claim 1, wherein the throat
channel section 1s formed such that upstream and down-
stream portions of the throat channel section are symmetri-
cal with each other.

3. The flowmeter according to claim 1, wherein the throat
channel section 1s formed such that upstream and down-
stream portions of the throat channel section are nonsym-
metrical with each other.

4. The tlowmeter according to claim 1, wherein the throat
channel section 1s formed such that a convergent inlet angle
of the upstream conical channel section 1s equal to a diver-
gent outlet angle of the downstream conical channel section.

5. The flowmeter according to claim 1, wherein the throat
channel section 1s formed such that a convergent inlet angle
of the upstream conical channel section 1s different than a
divergent outlet angle of the downstream conical channel
section.

6. The flowmeter according to claim 1, wherein the
plurality of impact tubes includes impact tubes located
circumferentially spaced-apart on the downstream conical
channel section and extending axially parallel through a
conical wall of the tubular main body toward a center of the
cylindrical throat portion, the plurality of 1impact tubes on
the downstream conical channel section being radially offset
relative to the plurality of impact tubes on the upstream
conical channel section, and wherein mner ends of each
impact tube of the plurality of impact tubes communicates
with an end of a corresponding pressure tap.

7. The tlowmeter according to claim 6, wherein a distance
between dynamic pressure taps located at a first measuring,
point upstream of the throat portion and static pressure taps
located at a second measuring point of the throat channel
portion 1s equal to a distance between dynamic pressure taps
at a third measuring point downstream of the throat portion
and the static pressure taps located at the second measuring
point.

8. The flowmeter according to claim 6, wherein a distance
between dynamic pressure taps located at a first measuring,
point upstream of the throat portion and static pressure taps

located at a second measuring point of the throat channel
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portion 1s different than a distance between dynamic pres-
sure taps at a third measuring point downstream of the throat
portion and the static pressure taps located at the second
measuring point.

9. The flowmeter according to claim 1, wherein the
plurality of impact tubes includes impact tubes located
circumferentially spaced-apart on the downstream conical
channel section and extending axially parallel through a
conical wall of the tubular main body toward a center of the
cylindrical throat portion.

10. The flowmeter according to claim 1, wherein at least
two additional static pressure taps are disposed on a wall of
the upstream tubular channel section and apart from the
static pressure taps that pass through walls of the upstream
tubular channel section.

11. The flowmeter according to claim 1, wherein the
plurality of dynamic pressure taps are connected by an
annular member, and one pressure tap 1s provided on the
annular member for outputting an average dynamic pressure
of the plurality of dynamic pressure taps.

12. The flowmeter according to claim 1, wherein a plu-
rality of the plurality of static pressure taps are connected by
an annular member, and one output pressure tap 1s provided
on the annular member for outputting an average static
pressure of the plurality of the plurality of static pressure
taps.

13. The flowmeter according to claim 1, wherein a dis-
tance between static pressure taps located at a first measur-
ing point of the upstream tubular channel section and static
pressure taps located at a second measuring point of the
throat channel section 1s equal to a distance between static
pressure taps at a third measuring point of the downstream
tubular channel section and the static pressure taps at the
second measuring point.

14. The flowmeter according to claim 1, wherein a dis-
tance between static pressure taps located at a first measur-
ing point of the upstream tubular channel section and static
pressure taps located at a second measuring point of the
throat channel section 1s different than a distance between
static pressure taps at a third measuring point of the down-
stream tubular channel section and the static pressure taps at
the second measuring point.

15. A method for measuring at least one of flow rate and
flow velocity of a fluid, at steady or transient state, 1in a
bi-directional low-velocity flow system, the method com-
prising the steps of:

providing a tubular flow meter arrangement coupled to a

pipe of the flow system, the tubular flowmeter arrange-
ment comprising a tubular main body having an
upstream tubular section, a throat section downstream
of the upstream tubular section, and a downstream
tubular section downstream of the throat section, a
plurality of static pressure taps radially provided at the
upstream tubular section, the throat section, and the
downstream tubular section, a plurality of pressure taps
provided at the throat section, and a plurality of impact
tubes extending parallel to one another and disposed at
least partially inside a wall of the throat section, an
inner end of each of the plurality of impact tubes being
connected to an 1mnner end of a corresponding one of the
plurality of pressure taps;

measuring an average static pressure 1n central static
pressure taps at a central measuring point of the throat
portion and taking the measured static pressure as a
common reference value;

measuring a first static pressure difference between first
upstream side static pressure taps at a first upstream

™
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static pressure measuring point upstream of the throat pressure measuring point and the first upstream side
section and the central static pressure taps, and a second static pressure taps;

static pressure difference between downstream side feeding the pressure difference measured between the
static pressure taps at a downstream static pressure second upstream side static pressure taps and the first
measuring point downstream of the throat section and 5 upstream side static pressure taps to the microprocessor
the central static pressure taps; to determine the fluid mass density;

comparing the first static pressure difference and the

second static pressure difference to determine the flow
direction.

. frot d . diff h 10 16. The method according to claim 15, wherein, when the
measuring a lrst dynamic pressure diflerence between first static pressure diiference i1s greater than the second

gpit;if Sﬁ;ﬁggﬁg;ﬁg;wrzgfi a;t;igpsot??ﬁg static pressure difference and the first dynamic pressure
cgntral mé)asuring point and %hé) centrafstatic pressure dlf:ereﬁ C% . lzgs ﬂ‘_l.a . t.h © Sf@COI]d ddi}:inamlcdpreshsurehdﬁffler-
taps, and a second dynamic pressure difference ence the flow 1r§%1011 1S a ‘orxl?var how aE , when the first
between downstream side dynamic pressure taps at a > stalic przsglre 1 _erzntlsle flls ZSS than the sec?jr}(;‘; static
downstream dynamic pressure measuring point down- DIESSUIE 1heren§e and 1 5’ drst Y HATHIE pressgr; : erenﬁe
stream of the central measuring point and the central s greater than the second dynamic pressure dillerence the
Static pressure 1aps; ﬂo‘i";.d %EZ txll?;lizda at::il:(;l;?i?lftg ?:T;im 15, wherein determin-
feeding the first and second dynamic pressure differences »g 1ng fluid mass density includes measuring an average tem-
to the microprocessor to determine a velocity of the perature of a flow field of fluid 1n the flow meter and feeding

fluid passing through the flowmeter; the average temperature to the microprocessor.
measuring a pressure difference between second upstream

side static pressure taps at a second upstream static %k k% ok

feeding the first and second static pressure differences to
a microprocessor to determine a flow rate of a fluid
passing through the flowmeter;
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